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INTRODUCTION
The susceptibility of cells to radiation leading to a loss of cell viability can be attributed to damage to cellular DNA; but this can be greatly influenced by the ability of cells to repair damaged DNA. We earlier reported that following a treatment of animals with hepatocarcinogen 1, 2) , alterations were observed in the activities of the enzymes involved in the DNA repair processes, which could reflect on the efficiency of repairing DNA damage. It was hence of interest to follow the (differential) response of enzymes, such as β polymerase, ligase, topo I and PARP in three tumour cell lines to gamma radiation. Radiation-induced DNA damage may temporarily shut down DNA replication, and thus allow repair to occur. This would involve a well coordinated event involving DNA repair enzymes, such as DNA repair polymerase, DNA ligase and PARP.
3) Additionally, it would be of interest to follow the response of enzymes which are known to take part both in DNA repair and replication to gamma irradiation. For example, the status of topoisomerase in tumour cells to gamma irradiation is not known. Increased activity of topo I might lead to additional repairable DNA damage. 4, 5) The role of PARP in irradiated tumour cells also needs to be studied. What are the targets for PARP? Although it has been reported 2, 6) that the administration of hepatocarcinogen leads to an increased activity of PARP, and that histones, among others, are nuclear proteins which can be modified by PARP, not much is known about these modifications and interactions in tumour cells following irradiation. Though PARP is reported to be a damageresponsive element in cellular homeostasis, the roles and responsibilities of the responses have not been fully unraveled.
7) It is endowed with two diametrically opposite responses to DNA damage, i.e. DNA repair along with other survival responses at lower levels of DNA damage, and cell death responses after saturating levels of DNA damage. [7] [8] [9] The studies have so far mainly dealt with DNA damage induced by chemicals. Information regarding the radiation response of these repair enzymes in tumour cells is scanty and inconclusive. It is possible that at doses of irradiation which induce low levels of DNA damage, PARP may regulate the DNA repair process. At higher doses, where DNA damage is extensive, it may play a role in apoptosis by activating caspase 3. 8) With these objectives, the activities of these enzymes in three tumour cells following different doses of gamma irradiation and at various post-irradiation time intervals were studied. Towards finding the targets for PARP, both nuclei and chromatin were studied for ribosylation. An attempt was made to modify topoisomerase (among others, a possible target for PARP) in vitro by PARP, and the modified enzyme was assayed for any change in its activity.
MATERIALS AND METHODS

Chemicals and biochemicals
NAD, deoxyribonucleotides triphosphates (dATP, TTP, dGTP and dCTP), aphidicolin and Norit (activated charcoal) were purchased from Sigma Chemical Co. Super coiled pBR322 plasmid DNA was from Bangalore Genei. All other reagents were of analytical grade. 
Radiochemicals
Cultivation of tumour cells
Fibrosarcoma, lymphosarcoma and ascites were grown in healthy 8-week-old male Swiss albino mice weighing 18-25 g. The animals were administered with 1 × 10 6 cells of either lymphosarcoma or ascites intraperitoneally, and the fluid was collected after 4 days. Cells from solid fibrosarcoma were obtained by mincing the tumour tissue to get a suspension of single cells, and tumour cells from the supernatants were injected subcutaneously on the hind limbs of the animals. A solid tumour (8-12 mm in diameter) was obtained after about 5-6 days.
10)
Gamma irradiation of animals
Mice bearing fibrosarcoma, ascites and lymphosarcoma tumour were subjected to whole-body gamma irradiation (0-8 Gy) in a 60 Co-Theraton Junior Teletherapy (Atomic Energy Canada Ltd., Ottawa, Canada) Unit at a dose of 0.92 Gy /min.
10)
Preparation of nuclei and DNA-free nuclear lysate
The methods followed were essentially as standardized and published from this laboratory. 1, 11) Cells were harvested after various treatments, washed with buffer (0.25 M sucrose, 0.024 M EDTA, pH 7.4) and homogenized. Crude nuclei sedimented (800 ×g for 10 min) from 10% homogenate were purified by centrifuging the crude nuclei layered over a cushion of 2.2 M sucrose at high speed 12) . Nuclear lysate free of DNA was prepared according to the procedure of Liu.
13)
Isolation of chromatin fraction
Chromatin was isolated from fibrosarcoma cells by published procedures, as modified in this laboratory. 14, 15) 
Isolation of histones
Histones were isolated from nuclei of unirradiated and irradiated fibrosarcoma cells essentially by a procedure reported from this laboratory.
16)
Enzyme assays
The enzymes were assayed according to a procedure standardized in our laboratory. 1, 17) DNA polymerase activity was measured in purified nuclear preparations using α[ 32 P]dATP with endogenous DNA as a template primer. 1, 18) Aphidicolin was used to inhibit replicative DNA synthesis, so that aphidicolinresistant activity represented β polymerase. 19) A 0.2 M NaCl extract of purified nuclei was used as the source of DNA ligase. 19) The pyrophosphate exchange ability of ligase was used to assay the activity. The assay measures the conversion of [ 32 P]pyrophosphate into a form adsorbable to Norit. 20) DNA topo I activity was determined in a DNA free nuclear extract using pBR322 DNA according to the method of Liu, as modified in this laboratory. 21) Relaxation of the supercoiled plasmid DNA, as revealed by gel electrophoresis analysis, was taken as a measure of topoisomerase I activity.
PARP was assayed essentially by the method of Suhadolink et al. 22) . Purified nuclei were washed thrice with 0.25 M sucrose in 0.05 M Tris-HCl (pH 7.5) containing 0.2 M KCl and 0.05 M MgCl2 . Each reaction mixture (100 µl) containing 8 µmol of Tris-HCl (pH 7.5), 1.5 µmol of MgCl2, 25 µmol of sucrose, 25 nmol of NAD + , and1 mg nuclear protein, was incubated at 20°C for 15 min. In another set of experiments, 500 µg of crude topo I was added to be ribosylated. The ribosylated topo I was assayed as described previously. The extent of ribosylation in nuclei, chromatin and histones fractions from irradiated and unirradiated tumour cells were determined as described by Saikia et al.
6)
Estimation
Protein was estimated by the method of Lowry et al. using bovine serum albumin as standard.
23) The radioactivity of the samples was counted in a Liquid Scintillation Counter LKB Rack Beta Counter.
RESULTS
It has been reported from this laboratory that there is an increase in DNA polymerase β of fibrosarcoma cells following 2 Gy gamma irradiation.
10) The dose response for the induction of β polymerase revealed that the maximum increase in the polymerase activity could be seen after 2 Gy of gamma irradiation ( Table 1 ). The dose response for another important DNA damage sensing enzyme, PARP, showed that there was about a 60% increase in PARP after 2 Gy of radiation exposure (Table 2) . A similar dose response for these enzymes was observed in lymphosarcoma and ascites, although the extent of the increase was lower compared to fibrosarcoma cells (results not shown). Hence, a dose of 2 Gy was chosen for further studies. Time course of induction of the activity of the β polymerase assayed from fibrosarcoma, lymphosarcoma and ascites cells at various post irradiation time intervals following 2 Gy gamma irradiation, showed an increase as early as 1 h post irradiation, reaching a maximum at 2 h, and slowly declined thereafter. These results are depicted in Fig. 1 . The activities of PARP and ligase from fibrosarcoma showed a maximum increase at 4 h post irradiation, while those from lymphosarcoma and ascites reached the maximum at 2 h post irradiation, as can be seen from Figs. 2 and 3. On the contrary, a decrease was noticed in topo I enzyme activity in all the tumour cells irradiated with 2 Gy. A study of the time course of this topo I activity in 2 Gy γ-irradiated fibrosarcoma tumour cells indicated that there was about 90% inhibition in enzyme activity at 4 h post irradiation period, which increased at later periods, and reached the normal level at 18 h post irradiation. There was about a 40 % and 45% decrease in the topo I activity in 2 Gy irradiated ascites and lymphosarcoma cells, respectively, at 2 h post irradiation, which reached the control level by 18 h post irradiation time (Fig. 4) .
The pattern of increase in PARP coincided exactly with the decrease in the topo I activity at all post-irradiation time periods studied. PARP has been reported to alter the catalytic functions of nuclear proteins by ribosylation. Hence, the ribosylation pattern of nuclei and chromatin isolated from fibrosarcoma after exposure to different doses of gamma irradiation was studied. The results are presented in Fig. 5 . Though there was no increase in the ribosylation of the chromatin fraction, a striking increase in it was evident in the nuclear fraction after 2-3 Gy of gamma irradiation. The extent of ribosylation of nuclei decreased at higher doses of irradiation i.e. 6 and 8 Gy. Of the nuclear proteins, histones were found to be modified (ribosylated). What other targets could be there from nuclei which were modified by PARP? Could topo I be modified, leading to its inactivation? There was a definite correlation between the decrease in the topo activity with the corresponding increase in PARP activity after 2 Gy gamma irradiation.
Hence, topo I from unirradiated control fibrosarcoma cells was modified in vitro by PARP and the activity was followed. It Poly (ADP-ribose) polymerase was assayed from nuclei of fibrosarcoma obtained after whole-body exposure of mice bearing tumour cells. Each value represent mean of 5 experiments ± SD. *At significance level 0.05, p = 0.0089.
Fig. 1.
Alterations in DNA polymerase β activity in fibrosarcoma following gamma irradiation. Tumour-bearing animals were exposed to 2 Gy gamma radiation and sacrificed at different post irradiation periods. Nuclei were isolated from both exposed and unirradiated tumour-bearing control animals and DNA polymerase β was assayed as described in the text. Each point in the graph represents a mean of 5 experiments.
Fig. 2.
Alterations in the activity of PARP in murine fibrosarcoma following gamma irradiation. Tumour-bearing animals were exposed to 2 Gy gamma radiation and sacrificed at different post-irradiation periods. Nuclei were isolated from both exposed and unirradiated tumour-bearing control animals and poly (ADP-ribose) polymerase was assayed as described in the text. Each point in the graph represents a mean of 5 experiments.
is clear from Fig. 6 that the modification of topo I was found to inhibit its activity very drastically.
DISCUSSION
The presence of radiation-resistant cells has been the bane of radiation oncologists. 24, 25) Earlier work carried out in this laboratory has established the fact that DNA polymerase beta recorded an increase in response to radiation following γ-irradiation.
10)
The present work with these three tumour cells has shown that in response to radiation a number of enzymes involved in DNA repair are activated. The enzymes studied were β polymerase, ligase, PARP. The pattern of induction was nearly he same in all the three cell lines, except that the extent varied, maximum being with fibrosarcoma. On the contrary, a decrease in the topo I enzyme was noticed, again with the decrease being more in fibrosarcoma than in lymphosarcoma . It is noteworthy that the pattern of activation of the first three enzymes, and the decrease (inactivation?) of topo I followed a very similar pattern at all post-irradiation time periods studied. While there are many sim- Fig. 3 . Alterations in the activity of ligase in murine fibrosarcoma following gamma irradiation. Tumour-bearing animals were exposed to 2 Gy gamma radiation and sacrificed at different post irradiation periods. Nuclei were isolated from both exposed and unirradiated tumour-bearing control animals and ligase was assayed as described in the text. Each point in the graph represents a mean of 5 experiments. Fig. 4 . Alterations in the activity of topoisomerase in murine fibrosarcoma following gamma irradiation. Tumour-bearing animals were exposed to 2 Gy gamma radiation and sacrificed at different post-irradiation periods. Nuclei were isolated from both exposed and unirradiated tumour-bearing control animals and topoisomerase was assayed as described in the text. Each point in the graph represents a mean of 5 experiments.
Fig. 5.
Alterations in ADP-ribosylation of different fractions from murine fibrosarcoma following gamma irradiation. Tumournearing animals were exposed to different doses of gamma radiation. Nuclei, chromatin and histones were isolated and extent of ADP-ribosylation in these fractions and unirradiated tumour-bearing control animals were determined as described in the text. Fig. 6 . Effect of gamma irradiation and ADP-ribosylation on topoisomerase activity. Tumour-nearing animals were exposed to different doses of gamma radiation. Topoisomerase was isolated from these animals and assayed. In another set topoisomerase was ADP-ribosylated in vitro and was later assayed. Lanes 1, plasmid DNA; 2, plasmid DNA + topoisomerase from control fibrosarcoma; 3, plasmid DNA + topoisomerase from 1 Gy irradiated fibrosarcoma; 4, plasmid DNA + topoisomerase from 2 Gy irradiated fibrosarcoma; 5, plasmid DNA + topoisomerase from 2 Gy irradiated fibrosarcoma; 6, plasmid DNA +ADP-ribosylated topoisomerase from control fibrosarcoma.
ilarities among these different cell lines, there seems to be a subtle difference in their response to radiation. For example, our earlier results concerning the expression of p53 in fibrosarcoma have shown that fibrosarcoma was comparatively more resistant to radiation than lymphosarcoma and ascites. 26) It has been reported in a wide range of organisms that the p53 status determines the tumourigenecity 27) and induced stress, including radiation induced apoptosis. [28] [29] [30] [31] Possibly, the exposure of the lymphosarcoma and ascites cells to radiation might send signals for the apoptotic pathway at these doses of radiation, which results in a lesser extent of activation of DNA repair enzymes.
Various DNA damages are known to bring about a marked increase in PARP activity. [32] [33] [34] [35] [36] [37] The PARP is an unique enzyme that uses DNA strand breaks as co-factors. 38, 39) The results presented here show a negative co-relation of the topo I activity with the PARP activity. In the present study the DNA topo I activity was inhibited at time points when the PARP activity was at its peak. Down regulation of topo I in mammalian cells following ionizing radiation has been reported by Boothman et al. 40) . Other studies, 41, 42) however, have reported the possibility of potentiation of the radiation response in human carcinoma in vitro, and murine fibrosarcoma in vivo and in V-79 and HeLa cells by using topocan or camptothecin as a specific inhibitor of topo I. PARP, by its action, seems to inactivate topo, and which may be the response of the cells to DNA damage. This could mean that damage to DNA results in topo I activity being turned off. 4, 5) Since topo activity is necessary for replication, this inactivation in the neighbourhood of DNA damage may temporarily shut down DNA replication and allow repair to occur. 43) If topo I is not inactivated, then interference with its activity with PARP might lead to additional repairable topo I induced DNA damage. This is indirect evidence for the role of topo I in damaged DNA, which in turn, when increased, could prove to be detrimental to DNA repair. 43) Hence, an attempt was made to modify the topo activity in vitro by PARP, and then to assay the enzyme for its activity. The present results clearly show that topo I upon modification by PARP was inactivated. PARP catalyzes the polymerization of the ADP-ribose moiety of NAD to form poly (ADPribose). The activated protein polyribosylates itself and other proximal proteins, which include the histones and proteins involved in breaking and joining of DNA strands, such as ligases. 39, [44] [45] [46] [47] [48] This automodification of PARP drives the dissociation of the enzyme from DNA. 49, 50) It has been shown that various DNA damages cause a marked increase in the PARP activity. [32] [33] [34] [35] [36] [37] The synthesis of this enzyme appears to be stimulated by single-strand breaks in DNA. 51) It can be inferred from these results that PARP, for which DNA strand breaks (induced at these doses) serve as a signal, inactivates the topo activity and allows DNA repair to occur. This could explain a negative co-relation of topo activity with PARP activity in gamma irradiated cells. The replication of unrepaired damage could thus be prevented, which could perhaps otherwise lead to a detrimental effect. A similar observation of inverse relation in the activities of these two enzymes has been reported from this response to hepato carcinogen administration 11) and other in vitro studies. 52, 53) PARP has been reported by others, and also from this laboratory, to modify histones and other nuclear proteins in response to hepato carcinogen administration. 2, 6, 11) It is pertinent to point out that both the enzyme PARP activity and the extent of ribosylation of proteins are maximum at 2 Gy, and that there is a decrease in both at higher doses where radiation-induced apoptosis might occur. At these doses, the enzyme in an yet-unknown way sends a signal for apoptosis by activating caspase 3. 8, 9) Recent reports indicate that poly (ADP-ribose) could play the role of an endogenous transactivator of p53 functions.
54) It could also block the transcriptional role of p53 by inhibiting its sequence specific binding activity located in the core domain of the protein. 55, 56) The present study attempts to correlate gamma radiationinduced responses of enzymes involved in DNA repair in three different tumour cells. A negative correlation between topo and others indirectly suggest the possibility of it being the target for inactivation by a modification by PARP. The results also show that poly ADP-ribosylation of topo I in vitro inactivated the enzyme activity, as measured by a relaxation assay.
